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Visual marking refers to the phenomenon in which old items in a visual search are excluded from the
search when new items appear in the visual ﬁeld. Visual marking may result from inhibition of irrelevant
information at the location of old items before new items appear. Moreover, sensitivity to increments in
contrast at the old locations has been shown to be lower than that to increments at the new locations. We
used equivalent noise analysis to examine whether the reduction in sensitivity is the result of an increase
in internal noise or a decrease in calculation efﬁciency. Following a search in which reaction time was
measured, participants were asked to indicate whether a Gaussian luminance blob was present. Param-
eters estimated from the threshold-versus-noise contrast function indicated that calculation efﬁciency at
old locations was lower than that at new locations, and internal noise did not increase at old locations but
rather decreased slightly. Thus, the reduction in sensitivity at old locations is attributable a decrease in
calculation efﬁciency. These data suggest that an inhibitory template for visual marking may beneﬁt
visual search by diverting limited attentional resources, such as time and resolution, away from pre-
viewed locations and reserving them for the target search.
 2013 Elsevier B.V. All rights reserved.1. Introduction
The visual system has limited capacity and can process only a
small amount of information at a time. Given this limitation, pro-
cessing resources must be allocated according to task demands
to maintain optimal functioning. For example, new objects are
likely to be relevant for behavioral outcomes because they are
unfamiliar and may convey danger or other critical information.
Thus, focusing attention on newly appearing objects over those al-
ready present in the visual ﬁeld has a survival advantage. The abil-
ity to restrict resources to new objects has been explored using the
preview search task, a visual search paradigm (Watson & Humphreys,
1997). In this task, nontargets in an inefﬁcient search are displayed
in two successive presentations; half of the distractors (old items)
appear in the initial presentation, and after a brief stimulus-onset
asynchrony referred to as the preview period, the remaining half
of the distractors and a target (new item) are added to
previously unoccupied locations. Under the ‘‘preview condition,’’
search efﬁciency, as measured by reaction time as a function ofset size, is signiﬁcantly improved relative to the ‘‘simultaneous
condition,’’ under which all items appear simultaneously. This pre-
view beneﬁt may occur because irrelevant old items are depriori-
tized and excluded from the search by actively ignoring their
location (visual marking); thereby, only new items are effectively
used for the visual search (Watson & Humphreys, 1997).
Some unique characteristics of the preview beneﬁt have been
described in the literature. For example, when searching for a sin-
gle target, the effect of previewing on search efﬁciency can encom-
pass many objects (15 new items, Theeuwes, Kramer, & Atchley,
1998; but see Emrich et al., 2008). Moreover, recent studies have
demonstrated that six or seven new items can be prioritized when
all new items have to be pointed at (e.g., Watson & Kunar, 2012).
This large capacity contrasts with the relatively small number of
objects that receive priority in the case of attentional capture by
abrupt onset (three or four objects; Yantis & Jones, 1991). Another
important characteristic of the preview beneﬁt is that it is reduced
or abolished by changes in the stimulus dimensions of the old
items, such as shape (Watson & Humphreys, 1997, 2002), spatial
conﬁguration (Kunar, Humphreys, & Smith, 2003; Watson, 2001),
and meaning (Osugi, Kumada, & Kawahara, 2010). However, recent
studies have shown that the preview beneﬁt remains when such
changes are induced by eye blink (von Mühlenen, Watson, & Gun-
nell, 2013), occlusion (Kunar et al., 2003), or transient masking
(Watson & Kunar, 2010) and when the observer’s attentional set
is consistent with critical features between the old and new items
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2008). These ﬁndings suggest a role for top-down processes in
maintaining the preview beneﬁt during visual search despite dis-
ruptive bottom-up signals.
Although several experimental and computational studies have
clariﬁed the mechanisms underpinning preview beneﬁts, several
issues remain controversial. One critical area of debate is whether
the prioritization of new items is attributable to the facilitation of
new items, inhibition of old items, or both. Watson and Humph-
reys (1997) argued that the preview beneﬁt is obtained by active
suppression of old distractor locations via a memory template
(the inhibitory hypothesis). That is, visual marking may result from
inhibition of irrelevant information at the location of old items be-
fore new items appear (Watson & Humphreys, 1997). However,
several studies have suggested that the preview beneﬁt occurs
via automatic capture of the onset of new items (the onset capture
hypothesis, e.g., Donk & Theeuwes, 2001) or by perceptual segmen-
tation between new and old items as a result of temporal asyn-
chrony (the temporal grouping hypothesis, e.g., Jiang, Chun, &
Marks, 2002). Because the inhibition theory does not preclude a
facilitation effect of new items (Olivers, Humphreys, & Braithwaite,
2006; Watson & Humphreys, 1997), the primary difference be-
tween the inhibition theory and other theories is the question of
whether the prioritization of new items can be explained by facil-
itation alone or whether inhibition of old items is a necessary
condition.
Several lines of evidence suggest that the preview beneﬁt is not
derived from onset capture or temporal grouping alone. Although
initial support for the onset capture hypothesis was provided by
the absence of a preview beneﬁt with equiluminant stimuli lacking
luminance onset (Donk & Theeuwes, 2001), a recent study found a
preview beneﬁt using equiluminant stimuli when the preview per-
iod was extended to 3 s (Braithwaite et al., 2006). A further argu-
ment against the onset capture hypothesis is that color-based
inhibition appears to spread to new items sharing the old color
(Braithwaite & Humphreys, 2003; Braithwaite, Humphreys, & Hull-
eman, 2005) such that the new target beneﬁts less if it has the
same color as the old distractors. Accordingly, visual marking is ap-
plied to the color of the old distractors when the old and new items
are segregated by color and location (Braithwaite & Humphreys,
2003; Braithwaite, Humphreys, & Hulleman, 2005; see alsoWatson
& Humphreys, 1998). These effects are not consistent with the on-
set capture or temporal grouping hypotheses because they require
that new items be selected equally irrespective of color.
A contrast-probe-detection procedure (e.g., Watson & Humphreys,
2000) can be used to measure visual sensitivity during a visual
search task and can isolate the facilitation effect of new and the
inhibition effect of old items. In this procedure, probe-detection
trials in which participants are asked to indicate whether a low-
contrast probe is present are intermixed with standard visual
search task trials. Watson and Humphreys (2000) reported that un-
der the preview condition, detection of the probe was more difﬁ-
cult when the contrast probe was presented adjacent to an old
item than when it was adjacent to a new item. The authors argued
that impaired contrast-probe detection was the result of selective
inhibition of the location of the old item during the visual search.
In a subsequent experiment, Humphreys, Stalmann, and Olivers
(2004) included a blank-space condition, in which a contrast probe
was presented in a blank space where no other item had appeared,
and estimated the facilitation and inhibition effects separately. The
results indicated that the contrast probe was more difﬁcult to de-
tect when it appeared at the location of an old item and easier to
detect when it appeared at a new location relative to the blank
space, suggesting that both inhibitory and facilitatory effects con-
tribute to visual marking. Recent studies (e.g., Agter & Donk,
2005; Olivers & Humphreys, 2002) have reported similar resultsusing a different procedure in which probe-detection time was
measured. Reaction time to a contrast probe at and around the
location of an old item was slower compared with that to a probe
in the location of a new item (Olivers & Humphreys, 2002) or the
blank space (Osugi, Kumada, & Kawahara, 2009). These ﬁndings
suggest that the difference in detectability of a contrast probe be-
tween the old and other locations provides direct evidence for ac-
tive suppression of old items during visual search.
Although the detectability of a contrast probe has been used as
a measure of attention allocation in a display, the process underly-
ing this phenomenon during visual search is not known. To our
knowledge, only one study has investigated this issue. Allen and
Humphreys (2007a) determined the threshold for detecting con-
trast increments and demonstrated that visual marking reduced
contrast sensitivity at old locations. In their study, participants per-
formed a visual search for a target and increment detection for a
contrast probe. Two preview-search conditions were used: the
standard preview condition (e.g., Watson & Humphreys, 1997)
and a dummy preview condition, in which the target was equally
likely to be a newly appearing item or an old item, so that partic-
ipants were less biased against old locations. The results showed
that the contrast threshold under the valid preview condition
was higher than that under the dummy preview condition. The
authors interpreted this change in threshold as a contrast reduc-
tion in stimuli presented at and around the distractors that had
been previewed and actively ignored.
The hypothesis of lowering effective contrast could naturally
explain the results of the probe detection and the visual search
ﬁndings if the contrast of each item was very low. However, this
hypothesis has difﬁculty explaining the case in which the contrast
of each item is much higher than the contrast threshold (e.g., The-
euwes, Kramer, & Atchley, 1998) because the visual system com-
pensates for the differences in contrast sensitivity across spatial
frequencies (e.g., Blakemore & Campbell, 1969); two sufﬁciently
suprathreshold gratings of different frequencies may appear to
have the same contrast when they do have the same contrast
(e.g., Georgeson & Sullivan, 1975; Kulikowski, 1976). Thus, the pro-
cesses that mediate the reduction in sensitivity at previewed loca-
tions remain unclear.
One approach to this question is to consider the effect of visual
marking in a black-box model of the human observer (Pelli, 1990).
This model assumes that the contrast-detection threshold is lim-
ited by two factors: internal noise, the amount of intrinsic noise
that disturbs signal detection, and calculation efﬁciency, the pro-
portion of available information that is practically used by the ac-
tual observer, as opposed to the hypothetical ‘‘ideal observer’’ who
makes use of all information without loss. As shown in Fig 1A,
when detecting a contrast probe, the signal is embedded in internal
noise, and the actual observer may use information less efﬁciently
than the ideal observer would. Thus, sensitivity may be reduced
either by an increase in internal noise or by a decrease in calcula-
tion efﬁciency.
Visual attention is thought to play an important role in reducing
the internal noise relative to signal intensity by actively enhancing
the stimulus signal (Carrasco, Penpeci-Talgar, & Eckstein, 2000; Lu
& Dosher, 1998) and by increasing the calculation efﬁciency of sig-
nal detection by increasing the sampling rate (Carrasco & McElree,
2001) or sampling resolution (Dosher & Lu, 2000; Lu & Dosher,
2000; Yeshurun & Carrasco, 1998). That is, directing the observer’s
attention to the location of the signal decreases the internal noise
and increases calculation efﬁciency relative to unattended loca-
tions. According to this assumption, visual marking decreases
attentional allocation because it draws attention away from pre-
viewed locations via active ignoring. That is, a memory template
for visual marking may reduce contrast sensitivity at previewed
locations by increasing the internal noise, reducing the calculation
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Fig. 1. (A) Schematic diagram of a black box model of the human observer (adapted
from Pelli, 1990). (B) Hypothetical threshold versus contrast (TvC) function against
external noise contrast. The solid line indicates the performance of an actual
observer, and the broken line indicates the theoretical performance of the ideal
observer. (C) Hypothetical performance changes for an increase in internal noise
(left) and decrease in calculation efﬁciency (right).
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may increase contrast sensitivity at the new locations by decreas-
ing the internal noise, increasing the calculation efﬁciency, or both.
Allen and Humphreys (2007a) argued that inhibition is equivalent
to lowering the effective contrast of the previewed distractors,
which were then actively ignored. Were this the case, internal
noise would increase because a reduction in sensitivity via a de-
crease in the registered signal contrast would be equivalent to an
increase in internal noise, given a constant signal level. In contrast,
a reduction in sensitivity may simply originate from a decrease in
calculation efﬁciency. Furthermore, an increase in internal noise
and a decrease in calculation efﬁciency may coexist.
Equivalent noise analysis can be used to estimate internal noise
and calculation efﬁciency (Pelli, 1990) for the contrast threshold as
a function of external noise contrast using the following equation:
TH ¼ d
0
ﬃﬃﬃﬃﬃﬃ
CE
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EN2 þ IN2
q
; ð1Þ
where TH is contrast threshold, d0 is detectability, EN is external
noise contrast, and CE and IN are free parameters (CE and IN denote
calculation efﬁciency and internal noise, respectively). The contrast
threshold for detecting a contrast probe can be measured using sev-
eral externally noisy backgrounds. External noise contrast is deﬁned
as the sigma of a Gaussian distribution with a mean of 0. Fig. 1B
shows the threshold versus contrast (TvC) function in log–log units
with contrast-detection threshold plotted as a function of externalnoise contrast. The actual observer’s performance generally follows
a ﬂat and rising function (Fig. 1B, solid line). When external noise is
sufﬁciently lower than internal noise, the threshold is ﬂat. However,
when external noise is sufﬁciently higher than internal noise, the
threshold increases with external noise in a linear fashion. As a ref-
erence, the dotted line in Fig. 1B indicates the ideal observer’s per-
formance, which has no internal noise and perfect efﬁciency. Thus,
internal noise can be estimated from the inﬂection of the curve
where external noise becomes equivalent to internal noise, and cal-
culation efﬁciency can be estimated from the vertical offset be-
tween the ideal and actual observers.
The present study investigated whether the reduction in sensi-
tivity at and around previewed locations is the result of an increase
in internal noise or a decrease in calculation efﬁciency. To test this,
we used a dual-task paradigm in which a visual search task was
combined with a probe-detection task with various amounts of
external noise, i.e., dynamic random luminance noise.
In the preview search task, we ﬁrst presented half of the distrac-
tors, followed by the search target and the remaining half of the
distractors or the distractors only. Thus, the search target was pres-
ent in half of all trials. The preview search task involved indicating
the presence or absence of the search target within the new items.
The contrast probe was presented at the location of an old or a new
item (‘‘old probe location’’ and ‘‘new probe location,’’ respectively).
In the simultaneous search task, all items appeared simulta-
neously, and, as no old/new distinction was made, each location
where the probe was presented was referred to as neutral (‘‘neutral
probe location’’). The location of each item in the simultaneous
search task was used as the control condition, which we believe
is more suitable than the blank-space condition used by Humph-
reys, Stalmann, and Olivers (2004). The hallmark of the preview
beneﬁt is the difference in search performance between the pre-
view and simultaneous conditions; thus, assessing the cost or ben-
eﬁt of detecting a contrast probe relative to the neutral condition is
critical in determining whether facilitation of the new items or
inhibition of the old items underlies the prioritization of new items
in a target search.
Assuming that the preview beneﬁt in a target search is attribut-
able to visual marking, the ﬁnding by Watson and Humphreys
(2000) predicts that the detection threshold for the contrast probe
presented at an old location would be higher than that for the
probe presented at a new or neutral location. Then, if the reduction
in sensitivity resulted from an increase in internal noise, the inﬂec-
tion of the TvC curve for the old probe location would shift right-
ward relative to those for the new and neutral probe locations
(Fig. 1C left). In contrast, if the reduction in sensitivity were the re-
sult of a decrease in calculation efﬁciency, the curve for the old
location should have the same shape but should shift up relative
to those of the other two conditions (Fig. 1C right). Finally, if the
preview beneﬁt were attributable to the onset capture for new
items (e.g., Donk & Theeuwes, 2001) or perceptual segmentation
between the new and old items (e.g., Jiang, Chun, & Marks,
2002), a change in sensitivity across the new, old, and neutral
probe locations would be apparent.2. Methods
2.1. Participants
Eight observers (aged 19–31 years) who were unaware of the
purpose of the study and the ﬁrst author (O1) participated in the
study. Each observer provided written informed consent and
passed a battery of tests for visual acuity. All participants had nor-
mal or corrected-to-normal visual acuity. Our study followed the
Declaration of Helsinki guidelines and was approved by the Ethics
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Tokyo.
2.2. Stimuli and apparatus
The stimuli were displayed on a CRT monitor (Mitsubishi Elec-
tric RDF223H, 1024  768 pixels, mean luminance of 26.70 cd/m2)
controlled by a computer using Matlab and Psychophysics Toolbox
(Brainard, 1997; Pelli, 1997). The refresh rate of the monitor was
85 Hz. The viewing distance was 57 cm. A Bits# Stimulus Processor
(Cambridge Research Systems, Kent, UK) was used to provide 14-
bit resolution to enable precise measurement of low-contrast
thresholds. The monitor was gamma-corrected to achieve linear
output.
The stimuli consisted of black (<0.01 cd/m2) C-shaped squares
subtending 1 in height and width. The target square had a white
gap (64.32 cd/m2) subtending 0.38 at the top or bottom, whereas
the distractors had a gap on the right or the left. The items were
presented at pseudo-randomly selected intersections of an invisi-
ble spider web grid. The spider web was constructed of nine or
15 equidistant arms and two concentric circles with radii of 2.2
and 4 (see Fig. 2). The inner ring always held six items and the
outer ring always held 10 items at random positions. The target
could be presented at any of these locations with equal probability.
A black (<0.01 cd/m2) ﬁxation dot (0.2  0.2) was presented at
the center of the display.
In addition to the stimulus protocol for visual search, we pre-
sented a low-contrast probe to determine the contrast-detection
threshold. The probe, a Gaussian luminance blob (0.75  0.75,
r = 0.19), was presented at the center of one of the distractors that
appeared along the outer ring. The probe never appeared at the
location of a search target. The contrast of the Gaussian blob (‘‘sig-
nal contrast’’) was varied so as to generate psychometric functions
under various conditions.
Dynamic external noise (resampled every 100 ms) subtending
16 in height and width was always added to the stimulus display
(see Fig. 3). Each random noise (512  512 pixels) consisted of(A) Preview search 
(B) Simultaneous search 
1000 ms 200 ms
1000 ms 200 ms
Ol
Ne
N
500 ms
500 ms
16 items
16 items
8 items
Fig. 2. Schematic diagrams of the stimulus sequences. (A) Preview search condition. T
appeared in the location of an old item (top) or a new item (bottom). (B) Simultaneous
randomly selected location among the simultaneously presented items (neutral location256  256 dots (2  2 pixels each) with contrast levels sampled
from a Gaussian distribution with a mean of 0, which was equiva-
lent to a mid-grey luminance level, and variance rEN (‘‘noise
contrast’’).
2.3. Design and procedure
We presented 12 external-noise contrast levels for observer O1
(rEN = 0%, 0.5%, 0.7%, 0.9%, 1%, 2%, 3%, 4%, 6%, 8%, 12%, and 16%),
eight levels for observers O2, O3, and O4 (rEN = 0%, 0.5%, 0.7%,
1%, 2%, 3%, 6%, and 12%), and four levels for observers O5–O9
(rEN = 0%, 1%, 6%, and 12%). To obtain a psychometric function that
spanned the detection threshold, seven signal-contrast levels were
selected for each observer and for each noise contrast based on
practice data.
The search task had two conditions (‘‘preview search’’ and
‘‘simultaneous search’’; Fig. 2A and B, respectively). Under both
conditions, a trial began with the presentation of a ﬁxation dot
for 500 ms. Under the ‘‘preview search’’ condition (Fig. 2A), the on-
set of the eight distractors (‘‘old items’’) was followed by the onset
of a target and seven other distractors (‘‘new items’’) with a stim-
ulus-onset asynchrony of 1000 ms. In the ‘‘probe present’’ trials, a
Gaussian luminance blob appeared 200 ms after the onset of the
new items and remained for 100 ms, followed by a response cue
surrounding the location of the distractor in which the blob had
just appeared. A blob was presented equally frequently at the loca-
tions of old and new items. In the ‘‘probe absent’’ trials, no blob
was shown, and the response cue was presented at the location
of a randomly selected item along the outer ring.
Participants searched for a square with a gap at the top or bot-
tom and indicated whether the gap of this target square was posi-
tioned at the top or bottom by pressing the ‘‘2’’ or ‘‘8’’ key,
respectively, on a number-pad keyboard. Reaction times were
measured. Reaction times for incorrect responses and outliers,
determined using the modiﬁed recursive cut-off procedure (Van
Selst & Jolicoeur, 1994), were excluded from the analyses. When
the response was incorrect or the reaction time was longer than100 ms Until response Until response
100 ms Until response Until response
d probe location
w probe location
eutral probe location
he old items appeared ﬁrst followed by the new items 1000 ms later. A probe dot
search condition. All items appeared simultaneously. A probe dot appeared at one
s).
Noise 0% Noise 1% Noise 2%
Noise 3% Noise 6% Noise 12%
Fig. 3. Examples of stimuli with external noise.
T. Osugi, I. Murakami / Vision Research 95 (2014) 51–60 555000 ms, a 1000 Hz tone was presented for 20 ms. After each ob-
server indicated the gap position of the target, a reminder instruc-
tion was displayed (‘‘absent or present’’) to ask whether the blob
was absent or present at the location indicated by the response
cue, and each observer responded by pressing the ‘‘4’’ or ‘‘6’’ key
for ‘‘absent’’ and ‘‘present,’’ respectively. At the end of each trial,
feedback about the reaction times for detecting a target and the
correctness of the gap-position response (‘‘correct’’ or ‘‘incorrect’’)
was provided. Pressing the ‘‘5’’ key triggered the next trial. The
simultaneous search task was identical to the preview search task
with the exception that the ﬁxation dot was presented for 1500 ms,
and 15 distractors and a target appeared simultaneously. The num-
ber of items under the simultaneous search condition was identical
to that under the preview search condition.1
The probe location had three conditions (‘‘new probe location,’’
‘‘old probe location,’’ and ‘‘neutral probe location’’; Fig. 2A top, bot-
tom, and B, respectively). In the preview search task, the blob ap-
peared at the location of an old item in one-fourth of the trials
(‘‘old probe location’’; Fig. 2A top) and at the location of a new item
(‘‘new probe location’’; Fig. 2A bottom) in one-fourth of the trials.
In the remaining half of the trials, no blob was presented (absent
trials). In the simultaneous search task, the blob appeared at the
location of an item in half of the trials (‘‘neutral location’’;
Fig. 2B), and no blob was presented in the remaining half of the
trials.1 We used one set size and thus compared overall reaction times between the
preview and simultaneous conditions rather than the more frequently used search
slope measure. A limitation of this index is that differences in arousal or warning
signals may affect overall reaction times. We do not believe that the present results
contained such artifacts because the interval between the start of the trial and the
appearance of the target was ﬁxed and was the same under the preview and
simultaneous conditions. Moreover, pilot experiments using our stimulus conﬁgura-
tion conﬁrmed the preview beneﬁt in the form of search slope change in a
conventional visual marking paradigm. Thus, we believe that a single set size is
sufﬁcient to examine the preview beneﬁt of visual search.Observer O1 completed 240 blocks of trials (10 blocks each for
two search types with twelve external-noise contrasts mixed with-
in each session), observers O2, O3, and O4 completed 160 blocks of
trials (10 blocks each for two search types with eight external-
noise contrasts) and observers O5–O9 completed 40 blocks of trials
(ﬁve blocks each for two search types with four external-noise con-
trasts). Each block consisted of 112 trials (four trials for each probe
location, signal-contrast level, and probe presence mixed within
block). The participants completed all sessions within three
months.3. Results
3.1. Visual search task
Fig. 4 shows the reaction time for four representative observers
under the preview and simultaneous conditions as a function of
external noise level. The reaction time under the preview search
condition was shorter than that under the simultaneous condition
for all external noise levels and observers (Figs. 4 and 5). The anal-
ysis of variance (ANOVA) for reaction time with search type (the
preview search and the simultaneous search) and external noise
contrast (0%, 1%, 6%, and 12%) as within-observer factors, revealed
signiﬁcant main effects of search type F(1,8) = 11.59, p < .01 and
external noise contrast F(3,24) = 3.09, p < .05. However, the inter-
action was not signiﬁcant F(3,24) = 0.71, p = .56. These results indi-
cate that previewing the old items beneﬁted the visual search
regardless of the external noise contrast. This preview beneﬁt is
consistent with previous studies (Watson & Humphreys, 1997).
The mean error rates under the preview and simultaneous condi-
tions were 1.5 ± 0.6% and 1.1 ± 0.7%, respectively (mean ± 1 SD for
both); because the error rates were low, further analysis was not
performed.
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Fig. 5. Reaction time averaged across all observers as a function of external noise
level under the preview and simultaneous search conditions.
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Detectability of the contrast probe was assessed by separating
the trials under the preview search condition into those in which
the blob appeared at the location of an old item (‘‘old probe loca-
tion’’) and those in which the blob appeared at the location of a
new item (‘‘new probe location’’). For the simultaneous search con-
dition, in all trials, the blob appeared at the location of one of the
search items, and thus all were used as the data for the ‘‘neutral
probe location.’’ For each probe condition and external-noise con-
trast, the hit rate (the proportion of the probe-present trials to
which the observer responded as ‘‘present’’) was plotted against
the signal-contrast level and ﬁt with a Weibull function using a
maximum-likelihood procedure using the Palamedes toolbox
(Prins & Kingdom, 2009). Fig. 6 shows psychometric functions for
representative observers O1 and O3 at four levels of external noise
(0%, 1%, 6% and 12%) under the new, old, and neutral conditions.
The lapsing rate was constant for each observer (5.8%, 9.2%,
14.0%, 12.8%, 6.2%, 3.3%, 4.9%, 12.6%, and 9.9% for observers O1–
O9, respectively), and the threshold and slope were allowed to
vary.2 The contrast threshold was deﬁned as the contrast at which2 In the present study, some observers’ lapse rates were relatively high. This is
presumably because, in the combination of the probe detection task and the visual
search task, each participant was requested to pay more attention to the visual search
task. Probably, each observer’s mental resource was in large part consumed by the
primary visual search task, and such attention to the search task may have interfered
with the detection of the probe dot even when its contrast was high.a 50% hit rate was obtained. Standard errors for the threshold esti-
mates were calculated using the bootstrap simulation with 400 iter-
ations. The mean correct rejection rate (the proportion of the probe
absent trials to which the observer responded as ‘‘absent’’) under the
old, new, and neutral location conditions were 99.2 ± 0.9%,
98.9 ± 1.1, and 98.6 ± 1.4%, respectively (mean ± 1 SD). Because the
correct rejection rates were high, further analysis was not per-
formed. Furthermore, we evaluated goodness of ﬁt using bootstrap
simulation with 1000 iterations and conﬁrmed that almost all of
the psychometric functions (149 of 168 ﬁts) were within a 95% con-
ﬁdence interval.
For each location condition and each observer, the contrast-
detection threshold as a function of external noise contrast was ﬁt-
ted using the model curve formulated using Eq. (1), where d0 = 2.33
(hit rate: 50%, false-alarm rate: 1%). Both internal noise and calcu-
lation efﬁciency were uniquely estimated by curve ﬁtting. The r2
value for each location and each observer was estimated using
the maximum likelihood method.
Fig. 7 shows the threshold data for four representative observ-
ers under the three probe location conditions as a function of
external noise level. Each symbol corresponds to each single con-
trast threshold. Consistent with the prediction for noise analysis,
the performance showed a ﬂat-and-rising function, and the ﬁt
was good for all probe location conditions and for all observers
(r2 = 99.0 ± 0.7%, mean ± 1 SD).
Fig. 8A and B shows internal noise and calculation efﬁciency.
With the exception of observer O7, the estimated internal noise
under the old location condition was the same as or lower than
those under the new and neutral conditions. In contrast, the esti-
mated calculation efﬁciency under the old location condition was
lower than that under the new and neutral location conditions.
These results do not support the hypothesis that an increase in
internal noise at the location of the old items causes the reduction
in sensitivity; however, the results are consistent with the hypoth-
esis that the reduction in sensitivity is the result of a decrease in
calculation efﬁciency. Moreover, the same pattern was evident in
the across-observer average for internal noise and calculation efﬁ-
ciency. The ANOVA for estimated internal noise revealed a signiﬁ-
cant main effect F(2,16) = 5.22, p < .05. Multiple comparisons using
the Bonferroni method revealed that internal noise under the old-
location condition was signiﬁcantly lower than that under the neu-
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internal noise was observed between the new- and the neutral-
location conditions or between the new and old conditions. How-
ever, a decrease in internal noise at an old location compared with
a neutral location could not reduce sensitivity at the old location
because noise reduction per se would predict enhancement of sen-
sitivity rather than reduction. The ANOVA for estimated calculation
efﬁciency with location as the within-observer factor revealed a
main effect of location, F(2,16) = 17.22, p < .01. Multiple compari-
sons indicated that calculation efﬁciency under the old-location
condition was signiﬁcantly lower than that under the new- and
neutral-location conditions, p < .05, whereas no signiﬁcant differ-
ence was observed between calculation efﬁciency under the
new- and neutral-location conditions. Thus, we concluded that
the reduction in sensitivity at the old location was attributable to
a decrease in calculation efﬁciency.33 To rule out the possibility that high lapse rates in some of the psychometric
curves interfered with the accuracy of the equivalent noise analysis, we re-analyzed
the same data replacing the poorly ﬁt curves (19 of 168 ﬁts) with new psychometric
curves, for which the lapse rate was allowed to vary. The calculation efﬁciency and
the internal noise revealed the same statistical pattern; those variables that were
signiﬁcant in the original analysis remained signiﬁcant in the re-analysis. Thus, the
estimated results were not attributable to ﬁtting errors.4. Discussion
We investigated whether the reduction in sensitivity at a pre-
viewed distractor location, as reported by Watson and Humphreys
(2000), is the result of an increase in internal noise or a decrease in
calculation efﬁciency. To do this, we combined a visual search task
and a probe-detection task with varying amounts of external noise
and measured the contrast threshold of a Gaussian luminance blob
as a function of external noise contrast. The parameters estimated
from the TvC function revealed that internal noise under the old-
location condition was not greater than that under the new and
neutral conditions and was, in fact, somewhat lower than that un-
der the neutral condition, suggesting that internal noise was not
increased at the old location. In contrast, calculation efﬁciency un-
der the old-location condition was signiﬁcantly lower than that
under the new- and neutral-location conditions. Thus, reduced
sensitivity for the previewed distractors can be attributed to a de-
crease in calculation efﬁciency during visual processing.
Several studies have suggested that a memory template for vi-
sual marking reduces contrast sensitivity at previewed locations
(e.g., Allen & Humphreys, 2007a; Watson & Humphreys, 2000).
However, little information about the effect of visual marking on
early vision is available. Visual attention has been shown to play
a pivotal role in reducing internal noise relative to signal by
enhancing the stimulus signal (Carrasco, Penpeci-Talgar, & Eck-
stein, 2000; Lu & Dosher, 1998) and increasing the calculation efﬁ-
ciency by increasing sampling rate (Carrasco & McElree, 2001) or
sampling resolution (Dosher & Lu, 2000; Lu & Dosher, 2000;
Yeshurun & Carrasco, 1998). Thus, in theory, visual marking can
reduce sensitivity at the location of old distractors by increasing
internal noise, decreasing calculation efﬁciency, or both. Our study
addressed this issue and demonstrated that visual marking re-
duced calculation efﬁciency for processing for detecting the signal,
but not the relative strength of the signal per se.
We postulate that visual marking draws attentional resources
away from the location of old items and that the reduction in cal-
culation efﬁciency for detecting the contrast probe results from a
lack of attentional resources at the location of the old items. Alter-
native explanations can be refuted as follows: First, it is unlikely
that the reduction in calculation efﬁciency was an artifact of para-
contrast masking by adjacent contours because the spatial separa-
tion between the probe and nearest contours was the same across
the three location conditions. Second, an adaptation effect at the
old location cannot explain the present results because the pre-
view duration was the same for the preview and simultaneous con-
ditions; thus, adaptation to the external noise would occur equally
among these conditions. Finally, spatial uncertainty of the contrast
probe was equivalent throughout the different conditions because
the probe detection was always speciﬁed by the response cue.
We hypothesize that the reduction in calculation efﬁciency was
the result of limited attentional resources attributable to impair-
ments associated with two attentional effects: a decrease in the
sampling rate for detecting the signal and a decrease in sampling
resolution. For example, visual attention has been reported to in-
crease the sampling resolution for signal detection by tuning the
properties of the spatial frequency-selective ﬁlters (Dosher & Lu,
2000; Lu & Dosher, 2000; Yeshurun & Carrasco, 1998) and by
increasing the sampling rate for signal detection by accelerating
the rate of visual information processing (Carrasco & McElree,
2001). Thus, it is plausible that the sampling resolution or rate
for detecting the signal is reduced at the location of old items
where attentional resources have been reduced by visual marking.
It seems reasonable that visual marking attenuates calculation efﬁ-
ciency because a decrease in calculation efﬁciency can affect the
detection of a wide range of contrast stimuli in addition to supra-
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Thus, it is plausible that the same mechanism responsible for
reducing contrast sensitivity may inhibit old distractors during a
visual search. If inhibition were equivalent to lowering the effec-
tive contrast at the previewed and subsequently ignored distrac-
tors (e.g., Allen & Humphreys, 2007a), it would be difﬁcult to
explain cases in which the contrast of an itemwas markedly higher
than the contrast threshold (e.g., Theeuwes, Kramer, & Atchley,1998) because the visual system can compensate for differences
in sensitivity to high-contrast stimuli (e.g., Kulikowski, 1976). De-
creased calculation efﬁciency can explain reduced sensitivity for a
contrast probe and provides a mechanism for ignoring old items in
a target search of a uniﬁed framework. That is, decreasing sampling
rate or resolution can affect near-threshold and suprathreshold
stimuli and may be independent of stimulus contrast.
Our results show that removing attention from old items by
top-down inhibition (visual marking) does not increase internal
noise at the location of old items. This ﬁnding is at odds with the
view that such inhibition is equivalent to lowering the effective
contrast of signals at old locations (Allen & Humphreys, 2007a).
Lowering signal contrast would increase the system’s internal
noise relative to input signal. Our results did not show this; thus,
we believe that the reduction in sensitivity found by Allen and
Humphreys (2007a) was the result of a decrease in calculation efﬁ-
ciency. We found that internal noise under the old-location condi-
tion decreased compared with the new and neutral conditions.
Again, this does not prove that sensitivity in the marked locations
was reduced relative to the other locations (e.g., Watson & Humph-
reys, 2000). It may be that the internal noise evoked by the abrupt
onset of the stimulus hindered detection of the contrast probe un-
der the neutral condition (perhaps under the new condition as
well), but not under the preview condition in which the probe ap-
peared only 1200 ms after the onset of the old items. Thus, a con-
trast probe appearing at an old location may encounter less
interference from the onset of nearby stimuli than a probe at a
new or neutral location.
It is important to understand how attenuation of calculation
efﬁciency for detecting a signal embedded in noise contributes to
the preview beneﬁt in visual searches. A decrease in calculation
efﬁciency may beneﬁt visual search by reserving attentional re-
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attention has been found to increase sensitivity to a contrast probe
at attended locations and decrease sensitivity at unattended loca-
tions (e.g., Pestilli & Carrasco, 2005), suggesting that there is a
trade-off between resources deployed to attended and unattended
locations in the visual ﬁeld. Thus, an efﬁcient strategy would be to
search new locations for the target rather than squandering limited
attentional resources on old locations where the target is known to
be absent. That is, the visual system allows one to optimize perfor-
mance for detecting a search target at new locations at the expense
of searching the old locations. Furthermore, because the same
attentional resources are arguably shared between visual search
and contrast-probe detection, the biasing of spatial distribution
of attention by one task affects the distribution of attention used
in another. In the present situation, a visually marked location
was inevitably used for the probe-detection task as well as for
the visual search task, although marking old items with inhibition
did not facilitate the probe-detection task but rather reduced
detectability at the old location.
Secondly, decreased calculation efﬁciency may enhance a target
search by limiting interference from old distractors by reducing the
sampling resolution of encoded visual inputs at locations marked
as old distractors. Target–distractor similarity has been found to
play a crucial role in target detection (e.g., Duncan & Humphreys,
1989). For example, the difﬁculty of searching for a target is in-
creased when the features of the target and distractors are similar
because the representation of the target and distractors overlap.
Thus, reducing target–distractor similarity should improve search
performance. In the present study, reduced sampling resolution
and visual encoding of old distractors may have diminished repre-
sentation of the old items, resulting in less competition between
the target and distractors. This argument is consistent with a pre-
vious study showing that visual marking reduced interference
from old distractors in a target search (Allen & Humphreys,
2007b). Allen and Humphreys (2007b) found that even when the
features of the old distractors were similar to those of the target,
the distractors did not affect the target search, suggesting that par-
ticipants were able to exclude noise in the preview display. How-
ever, their study did not clarify how competition between the
target and the visually marked distractors was reduced, whereas
we were able to identify the mechanism mediating the exclusion
of noise from the old distractors.
The question of whether the prioritization of new items can be
explained by facilitation alone or whether inhibition of old items is
a necessary condition is controversial. Our results do not support
the hypotheses that preview beneﬁt is primarily due to attentional
capture by newly appearing items (Donk & Theeuwes, 2001) or the
temporal grouping of commonly appearing items (Jiang, Chun, &
Marks, 2002). We found a decrease in calculation efﬁciency at
the location of old items, but observed no difference in internal
noise or calculation efﬁciency between the new and neutral loca-
tions. If attentional capture or temporal grouping were critical,
participants should have received the beneﬁts of the new location
with no cost to the old or neutral locations because attentional re-
sources would be divided equally. Thus, our results support the
hypothesis that the previewing advantage for search efﬁciency is
primarily due to top-down inhibition.
Possible roles of attentional capture by abrupt luminance onset
are worth mentioning. As noted in the Introduction, the original
inhibition theory (Watson & Humphreys, 1997) does not preclude
a facilitation effect of new items. Furthermore, a recent study (von
Mühlenen, Watson, & Gunnell, 2013) demonstrated a signiﬁcant,
but partial, preview beneﬁt when the new items appeared while
the observers blinked, thus eliminating a luminance onset for the
new items. In contrast, a preview beneﬁt has been shown to occur
in equiluminant stimuli under certain circumstances (Braithwaiteet al., 2006). Such evidence suggests that luminance onset is one
of the important cues that isolate new items from those that are
old, but is not a necessary condition to yield a preview beneﬁt.
In the present study, a probe appeared on an old item in 25% of
the trials. This probability of probe-dot appearance was higher
than that used in previous studies (e.g., Humphreys, Stalmann, &
Olivers, 2004; Osugi, Kumada, & Kawahara, 2009; Watson &
Humphreys, 2000); thus, the incentive to attend to the old loca-
tions in the preview condition may have persisted. However, a ro-
bust inhibitory effect was found at the old locations even with the
present method. This suggests that a task set to ignore the old
items was obtained through the visual search task, in which
speeded reaction to the search target was required.
In conclusion, our results demonstrate that visual marking re-
duces calculation efﬁciency at old locations without increasing
the internal noise. These results suggest that an inhibitory tem-
plate for visual marking may beneﬁt visual search by diverting lim-
ited attentional resources, such as time and resolution, away from
previewed locations and reserving them for the target search.References
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